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Edited by Vladimir SkulachevAbstract Sustained ER stress leads to apoptosis. However, the
exact mechanism still remains to be elucidated. Here, we demon-
strate that the double strand RNA-dependent protein kinase
(PKR) is involved in the ER stress-mediated signaling pathway.
ER stress rapidly activated PKR, inducing the phosphorylation
of eIF2a, followed by the activation of the ATF4/CHOP path-
way. ER-stress-mediated eIF2a/ATF4/CHOP signaling and
associated cell death was markedly reduced by PKR knockdown.
We also found that PKR activation was mediated by PACT, the
expression of which was elevated by ER-stress. These results
indicate that the ER-stress-mediated eIF2a/ATF4/CHOP/cell
death pathway is, to some degree, dependent on PACT-mediated
PKR activation apart from the PERK pathway.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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ER stresses, which include viral infection, Ca2+ depletion
from the ER lumen and the accumulation of unfolded proteins
in the ER lumen induce an ER stress response normally re-
ferred to as the unfolded protein response (UPR). UPR pro-
tects cells from the protein overloading in the ER by
shutting down the translational machinery via the phosphory-
lation of the eukaryotic translation initiation factor 2 alpha
subunit (eIF2a) [1], and/or by increasing the expression of
molecular chaperones, such as GRP94 or GRP78/Bip [2].
However, in case of the sustained ER stress conditions, the
stress signals trigger cell death pathway [3].
Double stranded RNA-dependent protein kinase (PKR) is a
serine/threonine protein kinase, and is induced by typeI inter-
feron [4]. PKR inhibits cellular and viral protein synthesis via
eIF2a phosphorylation. PKR also contributes to a broad vari-
ety of cellular responses including signal transduction, cellAbbreviations: PKR, double strand RNA-dependent protein kinase;
eIF2a, eukaryotic initiation factor 2 alpha; ATF4, activating tran-
scription factor 4; CHOP, CCAAT/enhancer binding protein homol-
ogy protein; PERK, PKR-like ER kinase; Tg, Thapsigargin; Tm,
Tunicamycin; PACT, PKR activator
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doi:10.1016/j.febslet.2007.08.001growth, and apoptosis [5–7]. Several recent studies have ad-
dressed the probable role of PKR in endoplasmic reticulum
(ER) stress-induced neuronal cell death in cases of Alzheimer’s
disease and Huntington’s disease [8–10].
PKR-like ER-resident protein kinase (PERK) recognizes
incorrectly folded proteins in the ER. When cells are exposed
to ER stress, PERK is activated via autophosphorylation
and then phosphorylates eIF2a, thereby attenuating transla-
tion initiation [11]. However, even in cases in which eIF2a is
phosphorylated, the expression of activating transcription fac-
tor4 (ATF4) is markedly enhanced [12]. ATF4 is a transcrip-
tion factor which has been shown to bind the human CHOP
promoter [13]. CHOP (CCAAT/enhancer binding protein
homology protein) induces apoptotic genes under ER stress
conditions. Excessive and/or long-term stress from which cells
cannot recover results in apoptosis by activation of CHOP and
its down-stream signaling molecules [3].
Although the PERK signaling pathway (PERK/eIF2a/
ATF4/CHOP) has been well established under ER stress con-
ditions [12], it remains unclear as to whether PERK is the sole
factor in the induction of the eIF2a/ATF4/CHOP pathway. In
the present study, we determined that PKR is clearly involved
in some portion of ER stress-mediated apoptosis through the
eIF2a/ATF4/CHOP pathway apart from PERK signaling.
We also determined that ER stress does not induce PKR
expression, but rather activates the pre-existing PKR via the
induction of PKR activating protein (PACT). In the present
study, we ﬁrst determined that an ER stressor, thapsigargin
– which causes Ca2+ release from the ER – induces PACT
expression and activation, resulting in PKR activation fol-
lowed by cell apoptosis via the eIF2a/ATF4/CHOP pathway.2. Materials and methods
2.1. Cell line, chemicals, and antibodies
HEK293A and HeLa cells were maintained in Dulbecco’s modiﬁed
Eagle’s medium (Gibco) supplemented with 10% fetal bovine serum
(Gibco) and 100 lg/ml each of penicillin and streptomycin. Stable cell
lines, HEK293A/sh-NT (non-target shRNA transfected) and
HEK293A/sh-PKR (PKR-speciﬁc shRNA transfected) were main-
tained in the presence of 1 lg/ml puromycin (Sigma). The cells were
treated with Tg (Sigma), or tunicamycin (Sigma Inc). Anti-PKR (Cell
Signaling Inc.), anti-phospho-PKR (Cell Signaling Inc. and Epito-
mics), anti-a-tubulin (Sigma Inc.), anti-eIF2a (Cell Signaling Inc.),
anti-phospho-eIF2a (Epitomics Inc.), anti-ATF4 (Santa Cruz Co.),
anti-CHOP (Santa Cruz and Sigma Inc.), anti-PACT (Santa Cruz
Inc.), anti-b-actin (sigma), anti-rabbit, -mouse, and -goat IgG-HRP
(Sigma) antibodies were also used in this study. Annexin V-FITC
was purchased from Becton-Dickinson.blished by Elsevier B.V. All rights reserved.
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Human PERK and PACT siRNAs were designed and synthesized
by Invitrogen (Stealth) with sequences of 5 0-UAA AGG UGC
UUU CAA UAA AUC CGG C-3 0 and 5 0-CAC CGA UUC AGG
UAU UAC ACG AAU A-3 0, respectively. Human PKR siRNA was
purchased from Bioneer (Daejeon Korea) with a sequence of 5 0-
CGU UGC UUA UGA AUG GUC U-3 0. Cell transfection with siR-
NA was conducted using Lipofectamine 2000 (Invitrogen) following
the manufacturer’s protocols. In brief, 5 ll of Geneporter (GTS) or
2 ll of Lipofectamine 2000 was mixed with 1 ml of Opti-MEM (Gibco)
and stored for 5 min at room temperature, then mixed with siRNA
solution at a ﬁnal concentration of 100 nM, and then incubated for
an additional 45 min. The mixtures were then used to treat the cultured
cells. After 5 h of incubation, the media were completely replaced and
incubated further.
2.3. Western blot analysis
Each experiment was conducted as described [14]. In brief, the cells
were washed in cold phosphate-buﬀered saline (PBS), and lysed with a
lysis buﬀer containing 50 mM Tris–HCl (pH 7.4), 1 mM DTT, 30 mM
NaF, 10 mM Na3VO4 and protease inhibitor cocktail (Pierce). Whole
cell lysates were normalized with Bradford reagent (Bio-rad), and 20–
50 lg of lysates were subjected to 10–13.5% SDS–PAGE and trans-
ferred to PVDF membranes (Milipore). The membranes were blocked
and probed with each antibody as described [14] and then analyzed by
ECL Western blotting system (Milipore, Amersham).2.4. Apoptotic analysis by ﬂow cytometry
HEK293A/sh-NT and HEK293A/sh-PKR cells were cultured at 6-
well plates with 4 · 105 cells per well. After 24 h, ER stressors (thapsi-
gargin or tunicamycin-Tm) were administered, and incubated for an
additional 12–24 h at 37 C. The cells were harvested and incubated
for 15 min with FITC-conjugated annexin V (Becton-Dickinson) at
room temperature in darkness, as described [15]. Later stage apoptosis
was assessed by measuring sub-G1 cells after propidium iodide (PI)
staining as described in a previous report [16]. The cells were then ana-
lyzed by FACS Calibur (Becton Dickinson) with Cell Quest software.
2.5. Pulse and chase assay
The experiments were conducted as described previously with minor
modiﬁcations [17]. HEK293A cells transfected with non-target shRNA
(sh-NT) or PKR shRNA (sh-PKR) were treated for 1 h with 0.5 lM
Tg, then cultured in labeling medium containing 100 lCi/well of [35S]
Cys/Met for 30 min at 37 C. The cells were harvested and 30–50 lg
of the cell lysates were separated on 12% SDS–PAGE. The quantities
of metabolic-labeled proteins in a short period of time were measured
via autoradiography.
2.6. Quantitative RT-PCR
Total RNAs were extracted with Tri-zol reagent (Invitrogen) and
normalized. RT-PCR was conducted using the pre-Mix Kit (Intron
Biotech) according to the vendor’s manuals. The following primer se-
quences were used: PACT; sense, 5 0-TTA CAC GAA TAC GGC ATG
AAGACC A-3 0 anti-sense, 5 0-GCC AAG TAC ATC CTA AAGAAT
GTC C-3 0, PERK; sense, 5 0-CCT TGG ATC CTG AAA ATC ATG
GTA-3 0 anti-sense; 5 0-AAA GGT GCT TTC AAT AAA TCC
GGC-3 0. Human b-actin; sense, 5 0-TGA CGG GGT CAC CCA
CAC TGT GCC CAT CTA-30; anti-sense, 5 0-AGT CAT AGT CCG
CCT AGA AGC ATT TGC GGT-30.3. Results
3.1. PKR is involved in ER stress-induced apoptosis
We have established a PKR-knockdown human embryonic
kidney cell line (HEK293A/sh-PKR) via the transfection of
HEK293A cells with PKR shRNA (sh-PKR) (Fig. 1A).
PKR-knockdown cells (HEK293A/sh-PKR) showed 16%
apoptosis by Tg-treatment while 32% was observed in the con-
trol cells (HEK293A/sh-NT) in the annexin V staining
(Fig. 1B). Sub-G1 cell population was also markedly reducedfrom 27% to 17% by PKR-knockdown in HEK293A cells in
the presence of Tg (Fig. 1C). Meanwhile, mitochondrial mem-
brane potential, assessed by DiOC6 staining, was reported to
remain intact during the period of ER stress [18]. These ﬁnd-
ings imply that PKR is probably involved in Tg-mediated cell
apoptosis. Similar discrepancies in apoptosis between PKR-
knockdown and normal cells were detected when these two
cells were treated with tunicamycin (Fig. 1D). In a previous re-
port, Oyadomari et al. [19] demonstrated that CHOP/
GADD153 is involved in ER stress-induced apoptosis, via
eventual activation of caspase-3. In the present study, Tg-treat-
ment increased the level of cleaved caspase-3 dose-dependently
in the HEK293A/sh-NT cells, but this was not observed in the
HEK293A/sh-PKR cells (Fig. 1E). These results indicate that
PKR is involved in the cell apoptosis under ER stress condi-
tions.
3.2. PKR regulates ER stress signaling pathway
In order to determine whether the involvement of PKR in
ER-stress-mediated apoptosis is the result of the neo-induction
of PKR or the activation of pre-existing PKR, we assessed the
levels of endogenous PKR in cells exposed to ER stress. As
shown in Fig. 2A, the levels of PKR were not changed by
Tg-treatment. Whereas, PKR phosphorylation increased up
to 18 h after Tg-treatment (Fig. 2A), and the phosphor-PKR
intensity also increased dose-dependently by Tg-treatment
even though the total PKR level has decreased probably due
to the toxicity of high dose Tg (Fig. 2B). Our results indicate
that the Tg-treatment does not induce PKR expression, but
activates pre-existing PKR.
In the pulse-chase assay, overall translational potential was
markedly reduced to 39% in the normal (sh-NT) cells by Tg-
treatment while reduced to 58% in the PKR knock-down
(sh-PKR) cells by the same treatment (Fig. 2C). It means that
PKR is involved in the inhibition of protein synthesis under
ER-stress conditions, as shown in other stress conditions [20].
In order to determine whether the PKR activated by Tg-
treatment inﬂuences the p-eIF2a/ATF4/CHOP pathway, we
assessed the levels of the phospho-eIF2a, ATF4, and CHOP
proteins in Tg-treated cells. When normal cells (HEK293A/
sh-NT) were treated with Tg, eIF2a phosphorylation and the
amounts of GADD153/CHOP increased as time went on up
to 12 h in a dose-dependent manner while those enhancing
phenomena were not clearly detected in the PKR-knockdown
cells (HEK293A/sh-PKR) under the same stress condition
(Fig. 2D). In order to minimize the possibility of the oﬀ-target
eﬀects of the sh-PKR, we have repeated the experiments using
transient PKR-knockdown HEK293A (HEK293A/si-PKR)
cells prepared by transfection of HEK293 cells with a newly
designed si-RNA targeting a diﬀerent region of PKR gene
for PKR-knockdown. si-PKR cells were very similar to the
sh-PKR cells in the expression patterns of eIF2a/p-eIF2a/
ATF4/CHOP signaling molecules attenuated in Tg-treatment,
while normal cells did not show these attenuations (Fig. 2E).
The expression patterns of the molecules under tunicamycin-
treatment were similar to those under Tg-treatment
(Fig. 2F). Even under PKR knockdown conditions
(HEK293A/sh-PKR), the levels of phospho-eIF2a and CHOP
increased to some degree in the Tg-treated cells, as compared
with what was observed in the untreated cells (Fig. 2D and
E). This indicates that some factors other than PKR may be





Fig. 1. Eﬀects of PKR on ER stress-induced apoptosis. (A) Western blot analysis of PKR in HEK293A cells expressing PKR-shRNA (sh-PKR,
PKR-knockdown) or non-targeting shRNA (sh-NT, PKR-normal). (B) PKR-knockdown or control HEK293A cells were treated with 5 lM Tg for
18 h. Apoptosis of each sample was examined by ﬂow cytometry after annexinV-FITC staining. (C) Cells were treated with 5 lM Tg for 48 h.
Apoptosis was assessed by measuring sub-G1 DNA contents after PI staining. (D) Cells treated with 5 lg/ml of tunicamycin (Tm) for 18 h were
analyzed by ﬂow cytometry after annexinV-FITC staining. FACS data shown in (B–D) are the representative of three independent experiments. (E)
Caspase-3 and its cleaved form were examined after 30 h of treatment of HEK293A/sh-NT and HEK293A/sh-PKR cells with Tg. After
normalization by Bradford assay, 40 lg of whole cell lysates were separated on 13.5% SDS–PAGE and analyzed via Western blotting with each
antibody.
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ated signaling pathway (PERK/p-eIF2a/ATF4/CHOP), has
been demonstrated in the context of ER-stress conditions [12].
3.3. PKR is also involved in ER stress pathway apart from
PERK
In a previous report, it was noted that cross-talk occurred
between PERK and PKR during viral infection [21]. We at-
tempted, then, to determine whether or not PERK aﬀects
PKR activation under ER stress conditions. Interestingly, no
diﬀerences in PKR activation (phosphor-PKR) were observed
between PERK-normal (HEK293A/NT-siRNA) and PERK-
knockdown (HEK293A/PERK-siRNA) cells under the same
Tg-stress conditions (Fig. 3A). These results indicate that
PKR activation in the ER-stress is unrelated to PERK. In
an eﬀort to compare the eﬀects of PKR and PERK on the
ER stress signaling pathway, downstream signaling molecules
were evaluated. The HEK293A cells with a single knockdown
of PERK or PKR evidenced approximate half-reductions in
eIF2a phosphorylation and ATF4/CHOP expression underER-stress conditions, whereas the double knockdown (sh-
PKR/si-PERK) cells evidenced marked reductions in eIF2a
phosphorylation and the expression of ATF4/CHOP
(Fig. 3A). The phosphorylation of eIF2a was observed to be
relatively more dependent on PERK than on PKR, but the
expressions of ATF4/CHOP were more dependent on PKR
than on PERK (Fig. 3A). Collectively, these results indicate
that not only PERK, but also PKR, plays salient and indepen-
dent roles in the ER-stress-mediated signaling pathway (p-
eIF2a/ATF4/CHOP).
It has also been reported that a sustained ER stress over-
whelming the cytoprotective functions of ER induces cell
apoptosis via the ER-stress-mediated PERK/p-eIF2a/ATF4/
CHOP signaling pathway [12]. On the contrary, another report
asserted that PERK is essential for cell survival during the un-
folded protein response [22], and this notion was corroborated
by the subsequent ﬁnding that PERK activates cellular sur-
vival factors rather than an apoptotic pathway, followed by
the protection of cells against ER stress-mediated cell death





Fig. 2. ER stress activates PKR, followed by inhibition of protein synthesis and activation of ATF4/CHOP pathway. (A) Western blot analysis of
phosphor-PKR and PKR with antiphosphor-PKR and anti-PKR antibodies after the treatment of HEK293A cells with 0.5 lM Tg for the indicated
time periods. (B) In a similar fashion, phosphor-PKR and PKR were evaluated following the treatment of HEK293A cells with diﬀerent Tg dosages
for 12 h. (C) Pulse and chase translation assay. PKR-normal and PKR-knockdown HEK293A cells were treated for 6 h with 0.5 lM Tg, and then
cultured for an additional 30 min in the presence of 100 lCi of [35S] labeled Cys/Met. These samples were separated on 12% SDS–PAGE and then
visualized by Coomassie staining (input), or autoradiography (autoradiogram). Relative band intensities of the autoradiogram were scored by
densitometer (Molecular Dynamics Inc.). (D) The endogenous level of eIF2a and its phosphor-form and CHOP were assessed via Western blot
analysis with their speciﬁc antibodies after treatment of PKR-normal (sh-NT) and PKR-knockdown (sh-PKR) HEK293A cells with 0.5 lM Tg for
the indicated periods (left panel) and for 12 h at diﬀerent dosages (right panel). (E) si-PKR cells (PKR-knocked down by siRNA targeting diﬀerent
region of PKR gene for PKR-knockdown) were examined with regard to the endogenous level of eIF2a, ATF4 and CHOP after Tg-treatment for
12 h at diﬀerent dosages. (F) Cells, treated with 5 lg/ml of tunicamycin (Tm) for 12 h, were assessed with regard to the cellular proteins via Western
blot analysis using each antibody.
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shown to activate the same eIF2a/ATF4/CHOP pathway in
the current results. HEK293A cells became resistant to Tg-in-
duced apoptosis by PKR-knockdown (si-NT/sh-PKR), whilePERK-knockdown (si-PERK/sh-NT) cells evidenced slightly
enhanced apoptosis under identical stress conditions
(Fig. 3B). In addition, resistance against the Tg-induced apop-
tosis of PKR-knockdown cells was markedly attenuated by
AB
Fig. 3. PKR activates the ER stress-mediated signaling/apoptosis pathway PERK-independently. (A) PKR-normal (sh-NT) and PKR-knockdown
(sh-PKR) HEK293A cells were transfected with 100 nM PERK siRNA (si-PERK) or non-target siRNA (si-NT) using geneporter (GTS). After 12 h,
cells were treated with 0.5 lM Tg (Tg) for an additional 12 h. The endogenous levels of each signaling protein were determined via Western blotting.
PERK-knockdown was evaluated via quantitative RT-PCR based on that of b-actin as a control. (B) Eﬀects of PKR and PERK on Tg-induced
apoptosis. HEK293A cells having single or double knockdown of PERK and/or PKR were treated with 5 lM Tg for 18 h. Apoptotic cells were
annexin V-FITC stained and measured via ﬂow cytometry.
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These results suggest that PKR may perform an important
function in Tg-induced apoptosis, whereas PERK is likely to
be involved in cell survival rather than apoptosis, as demon-
strated previously [22], under ER-stress conditions.
3.4. PACT is induced by ER stress
Although ER-stress was not shown to induce PKR expres-
sion, PKR itself was fully activated in the absence of dsRNAs.
In previous studies, PACT was identiﬁed as a cellular activator
of PKR [25] and inducible under stress conditions, like arse-
nate or peroxide [26]. We assessed PACT in the Tg-treated
cells. As is shown in Fig. 4A, PACT expression in mRNA
and protein levels increased for up to 12 hours after Tg treat-
ment in HEK293A cells. PACT enhancement by Tg-treatment
was also observed in HeLa cells (Fig. 4B).
3.5. PACT activates PKR during ER stress
In order to elucidate the eﬀects of PACT on the activation
of PKR and its downstream pathway, we conducted experi-ments with PACT-knockdown cells. PACT-siRNA-trans-
fected HEK293A cells evidenced no increases in PKR
phosphorylation levels after Tg treatment, whereas the non-
target-siRNA (si-NT) transfected cells evidenced PACT
induction and marked enhancements of PKR phosphoryla-
tion under identical ER stress conditions (Fig. 4C). Consistent
with our previous results, eIF2a phosphorylation and CHOP
expression were also increased signiﬁcantly by Tg-treatment,
but were not increased in PACT-knockdown (si-PACT) cells
(Fig. 4C). In order to determine whether PACT plays a role
in ER stress-induced apoptosis, we assessed the levels of
PARP cleavage, an apoptosis indicator, after Tg treatment.
No detectable changes occurred in the amounts of cleaved
PARP by Tg-treatment in PACT-knockdown (si-PACT) cells,
whereas PARP cleavage was clearly increased by Tg-treat-
ment in the control (si-NT) cells (Fig. 4D). These results
clearly indicate that ER stress-induced PACT plays a pivotal
function in ER stress-induced apoptosis via the PKR activa-




Fig. 4. Tg treatment induces PACT expression, resulting in PKR activation. (A) HEK293A cells were treated with 1 lM Tg for the indicated times.
PACT mRNA and endogenous protein levels were examined via quantitative RT-PCR and Western blotting with anti-PACT polyclonal antibody,
respectively, based on that of b-actin as a control. (B) PACT expression was assessed in HeLa cells treated with diﬀerent dosages of Tg (lane 1;
untreated, lane 2; 100 nM, lane 3; 500 nM) for diﬀerent periods of time (lane 4; 0 h, lane 5; 1 h, lane 6; 4 h). (C) HEK293A cells transfected with
human PACT-siRNA (si-PACT) or non-target siRNA (si-NT) were treated with 1 lM of Tg for 12 h. Cell lysates were separated on 10% SDS–
PAGE and analyzed via Western blotting with the antibodies shown above. (D) PACT-knockdown HEK293A cells (si-PACT) were treated with
5 lM of Tg for 18 h. Total cell lysates were probed with PACT and PARP antibodies.
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PKR is a serine/threonine protein kinase which regulates a
variety of cellular responses, including cell growth, diﬀerentia-
tion, and apoptosis. In a recent study, PKR was shown to be
activated by cellular stresses [27]. This work was conducted
to determine whether PKR is involved in the ER stress path-
way, based on the initial ﬁnding that PKR-knockdown (sh-
PKR) cells become resistant to Tg-mediated apoptosis
(Fig. 1). In the subsequent experiments, we determined that
PKR, rather than PERK, performs an important function in
ER stress-mediated apoptosis, by activating the p-eIF2a/
ATF4/CHOP signaling pathway (Fig. 3). We also determined
that PKR activation occurring under ER stress conditions is
mediated by PACT (Fig. 4).
The results provided herein show that PACT is rapidly in-
duced by Tg-treatment (Fig. 4A and B). Another ER stressor,
tunicamycin, an inhibitor of glycosylation in the ER, also in-
duced PACT expression (data not shown). Although the
PKR level was not induced by the ER-stressor (Fig. 2), pre-
existing PKR was fully activated by the PACT enhanced and
activated under ER stress conditions in the absence of dou-
ble-stranded RNA (Fig. 4C and D). As a subsequent step,
we have attempted to determine whether the PKR activated
by PACT plays any signiﬁcant role in the ER-stress signaling
pathway. Key factors which have been recognized for theirinvolvement in the PERK-mediated signaling pathway, includ-
ing eIF2a, ATF4 and CHOP, were evaluated with regard to
their phosphorylation and/or expression levels in PKR-knock-
down, PACT-knockdown, and/or PERK/PKR-double-knock-
down cells, when cultured under ER-stress conditions.
In a previous report, it was shown that PERK and PKR do
engage in cross-talk during VSV infection [21]. However, our
experimental results indicated that PERK does not aﬀect
PKR activation under ER-stress conditions. Through the
knockdown experiments conducted under ER stress condi-
tions, we determined that eIF2a was phosphorylated by
PKR apart from PERK, and that PKR-mediated eIF2a phos-
phorylation was responsible for approximately 30–40% of the
entire phosphorylation of eIF2a, whereas the PERK-mediated
phosphorylation of eIF2a was over 50% (Fig. 3). However, the
induction of eIF2a-down-stream genes, including ATF4 and
CHOP, appeared to be more dependent on PKR than on
PERK (Fig. 3A). This might be attributable to the fact that
PERK is likely to induce some other factors, which may inhibit
phosphor-eIF2a-mediated ATF4/CHOP induction. Actually,
PERK has been demonstrated to be involved in cell survival
rather than cell death, as a result of the induction of cell sur-
vival factors under transient ER stress conditions [22–24].
On the contrary, PKR is more probably involved in cell death
or apoptosis via the activation of the eIF2a/ATF4/CHOP
pathway under prolonged ER stress conditions.
Fig. 5. Summary of the roles of PKR in the ER stress-signaling
pathway to apoptotic cell death. Thick arrows on the right hand side
refer to the ﬁndings described in this manuscript.
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tained under sustained ER-stress conditions, PACT was rap-
idly induced, followed by full activation of the pre-existing
PKR. The activated PKR signiﬁcantly phosphorylated the
eIF2a in a PERK-independent manner. PKR-mediated phos-
phor-eIF2a not only shut down translational initiation, but
also was shown to transfer information to the ATF4/CHOP-
mediated apoptosis pathway in cases in which the stress
proved too severe for cell recovery.
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